Here, we show that the interaction between two membrane proteins, the mouse homologue of CD99 (designated D4) and its ligand, paired immunoglobulin-like type 2 receptor (PILR), is one of the major mechanisms of thymocyte apoptosis. Using the polymeric fusion protein of PILR and IgG1 (PILR-Ig), we demonstrated that D4 ligation in the absence of T cell receptor (TCR) engagement leads to the induction of apoptosis, mainly at the double-positive stage of thymocytes. This was further confirmed by a blocking study in which blocking the interaction between D4 and PILR by soluble D4 protein led to reduced apoptosis in the fetal thymic organ culture with wild type and TCRα -/-mice. Furthermore, the dissection of intracellular signaling pathway demonstrated that D4 cross-linking led to caspase activation without any change in mitochondrial membrane potential. Based on these data, we propose a mechanism for thymocyte depletion in which the interaction between D4 and PILR delivers an active signal.
Introduction
In the thymus, most thymocytes that have not successfully re-arranged their TCR genes or that express a receptor with subthreshold avidity for self-antigen/MHC enter a default apoptosis pathway (Chan et al., 1993; Crump et al., 1993; Cresswell, 1998) . This process occurs among the immature CD4 + CD8 + double positive (DP) thymocytes and involves mechanisms that remain elusive (Cohen, 1991) . In an effort to understand apoptosis during T-cell development, significant attention has been focused on the possibility of interactions between membrane proteins generating an active death signal, as opposed to the widely accepted simple default pathway (Lesage et al., 1997; Grebe et al., 2004; Jung et al., 2004) . The ligation of molecules, i.e., CD8 (Grebe et al., 2004) , CD24 (Jung et al., 2004) , and CD45 (Lesage et al., 1997) , can induce thymocyte death in the absence of TCR engagement. However, a major drawback to these studies is that they used a monoclonal antibody as the ligand, which creates a condition that differs from the normal physiological environment for thymocyte development.
The 32-kDa surface glycoprotein CD99 is highly expressed on cortical thymocytes, whereas it is moderately expressed on more differentiated cell types (Ellis et al., 1994) . CD99 has been implicated in a number of cell-cell adhesion and cell activation phenomena. In addition, CD99 ligation leads to the inhibition of leukocyte diapedesis (Schenkel et al., 2002) , as well as the induction of homotypic aggregation (Bernard et al., 1995) and apoptosis of DP thymocytes (Bernard et al., 1997) . Moreover, CD99 engagement on immature thymocytes induces the up-regulation of MHC and TCR molecules (Choi et al., 1998) . A novel mouse homologue of human CD99, D4, has been identified as a ligand of the paired Ig-like type 2 receptor (PILR) (Shiratori et al., 2004) . We previously suggested that D4 is homologous to CD99 based on high amino acid sequence homology, similar patterns of distribution in various tissues, and shared functional characteristics with several highly conserved amino acid motifs (Park et al., 2005) .
On the basis of these findings, we hypothesized that D4 plays a certain functional role during thymocyte development. To elucidate the role of D4 in the process of T-cell development, we investigated whether D4 ligation by PILR-Ig induces any physiological response in murine thymocytes.
Here, we show that thymocytes undergo cell death after D4 cross-linking with PILR-Ig in the absence of TCR/CD3 engagement. Furthermore, the blockage of D4 signals using a soluble D4 (fusion protein of D4 and Fc portion of human IgG1, D4-Fc) in fetal thymic organ culture (FTOC) resulted in increased cortical cellularity. Finally, we demonstrated that apoptosis following D4 cross-linking leads to caspase activation without any change in mitochondrial membrane potential (Δψm). These results suggested that D4 engagement with its ligand plays some role in thymic education process via affecting the thymocyte apoptosis.
Results

PILR is a ligand for D4
To confirm that PILR is a ligand for D4, 293 cells transfected with the D4 gene were stained with PILR-Ig protein and PE-conjugated anti-human immunoglobulin. Subsequent flow cytometric analysis confirmed the interaction between PILR and D4 ( Figure 1A ). In addition, when D4 was precipitated with PILR-Ig from cell lysates of D4 transfectants and thymocytes, D4 was clearly detected as a 17-kDa protein, which was not identified in untransfected 293 cells ( Figure 1B) , + SP thymocytes were isolated by magnetic sorting and the expression of D4 in each subset was examined using PILR-Ig (solid line), control-Ig (filled histogram), and anti-D4 monoclonal antibody (dashed line). (D) Transcripts of PILR in thymocytes (Thy) and thymic stromal cells (TSC) was analyzed by RT-PCR. As a positive control, splenocytes (Spl), which are also known to express PILR, were included. Transcripts of β-actin were used as a standard. Data are representative of two or three similar experiments. o C in the presence of PILR-Ig (20 μg/ml) or control-Ig (20 μg/ml) with secondary antibody (20 μg/ml). Apoptosis was evaluated by annexin V and PI staining. One representative flow cytometry result of five independent experiments is shown. (B) PILR-Ig was pre-incubated for 1 h with various dosages of D4-Fc (0-50 μg/ml) at 4 o C, then added to thymocytes cultures and incubated for 6 h at 37 o C in the presence of this complex with secondary Ab. The percentages of dead cells from each sample were quantitated and normalized as described in Methods. Results are expressed as the mean ± SEM of triplicate samples and representative of two independent experiments. n.s. not significant, **P ＜ 0.01, ***P ＜ 0.001 comparing D4-Fc treated versus untreated thymocytes. (C) Thymocytes were treated in the same manner as in (A), and the extracted DNA from each sample was separated by 3% agarose gel electrophoresis. Etoposide, which is known to induce the typical DNA ladder formation, was used as a positive control. Data are representative of two independent experiments (D) The sorted DN, DP, and CD4 + SP thymocytes were incubated with PILR-Ig or control-Ig in the presence of secondary Ab. The percentage cell death was measured and normalized. Results are expressed as the mean ± SEM of triplicate samples and representative of two independent experiments. **P ＜ 0.01, ***P ＜ 0.001.
confirming that PILR-Ig recognizes D4 (Shiratori et al., 2004) .
D4 expression was detected at all stages of thymocyte development. However, the expression of D4 varied depending on the specific developmental stage, with expression being progressively down-regulated from double negative (DN) to mature single positive (SP) thymocytes ( Figure  1C ).
We also compared the expression profile of PILR between thymocytes and thymic stromal cells, to identify the major cellular source of PILR. PILR transcripts were detected predominantly in thymic stromal cells, whereas the transcripts were Figure 3 . The blockage of D4 signaling via D4-Fc leads to an increase in the number of DP thymocytes in FTOC from wild-type and TCRα -/-mice, but does not influence superantigen-induced deletion. (A and B) Fetal Day 15.5 thymi from C57BL/6 mice were separated into lobes and cultured for 5 days in medium with 100 μg/ml or 200 μg/ml of D4-Fc (white bars), human IgG (shaded bars), or control CD86-Fc (black bars). Thymocytes were isolated, counted, and stained with fluorochrome-conjugated antibodies to CD4 and CD8. The absolute numbers of total (A) and DP (B) thymocytes were calculated using the data from the flow cytometric analysis. Results are expressed as the mean ± SEM of triplicate samples and representative of two independent experiments. (C and D) Fetal Day 15.5 thymic lobes from Balbc/c and C57BL/6 (B6) mice were cultured for 5 days (C) or for 7 days (D) in medium with control human IgG (white bars) or D4-Fc (black bars), and SEB (50 μg/ml) was added for the final 40 h of the culture period (D). Thymocytes were isolated and stained with fluorochrome-conjugated antibodies to CD4, CD8, TCRVβ3 (Mtv-9-reactive), TCRVβ8 (SEB-reactive), and TCRVβ6 (non-reactive to superantigen). The percentages of each TCR Vβ + DP thymocytes were calculated using the data from the flow cytometric analysis. Results are expressed as the mean ± SEM of tridecaplicate (n = 13; C) or nonaplicate (n = 9; D) samples and representative of two similar experiments. (E-F) Fetal Day 15.5 thymic lobes from TCRα -/-mice were cultured for 5 days in medium with control human IgG or D4-Fc. Thymocytes were isolated, counted, and stained with fluorochrome-conjugated antibodies to CD4, CD8, and CD3. The absolute numbers of total (E) and DP (F) thymocytes were calculated using the data from the flow cytometric analysis. Results are expressed as the mean ± SEM of octaplicate (n = 8) samples and representative of two independent experiments. n.s. not significant, *P ＜ 0.05, **P ＜ 0.01, ***P ＜ 0.001. present at almost negligible levels in thymocytes ( Figure 1D ). Simultaneously, we measured the expression of Lck to confirm that the thymic stromal cell populations were not contaminated with thymocytes. Therefore, the PILR expression pattern supported our idea that PILR expressed on thymic stromal cells recognizes D4 on thymocytes.
Cross-linking of D4 with PILR-Ig induces thymocyte apoptosis
To examine the functional role of D4, we investigated the effect of the D4-PILR interaction on the development of mouse thymocytes. When mouse thymocytes were treated with PILR-Ig in the presence of secondary antibody for 6 h, more than 50% of the thymocytes underwent apoptosis ( Figure 2A ). In contrast, treatment with the control chimeric Ig molecule (CD86-Ig) resulted in a rate of apoptosis that was comparable to that of the Ig-untreated culture. The PILR-induced apoptosis was profoundly inhibited by treatment with D4-Fc ( Figure 2B ), which indicates that PILR induced thymocyte apoptosis via D4 engagement. Moreover, internucleosomal DNA cleavage, which is a hallmark of either caspase-3 or caspase-7 activity (Hirata et al., 1998) , was clearly observed in the form of DNA laddering ( Figure 2C ), which strongly suggests that the apoptosis induced by D4 engagement involved caspase activation.
Because the expression level of D4 varied according to the developmental stage of the thymocytes ( Figure 1C ), we tested the sensitivity of individual developmental stages of the thymocytes to D4-mediated death. When thymocytes were sorted into DN, DP, and SP fractions and cultured in the presence of PILR-Ig and the cross-linking antibody, the DP thymocytes were much more sensitive to D4 cross-linking than were the DN and SP thymocytes ( Figure 2D ). These data suggest that thymocyte death via D4 predominantly affects DP cells and occurs in a TCR-independent manner.
Blocking the interaction between D4 and PILR could rescues cortical thymocytes that could not positively selected
To evaluate these findings in more detail, experiments were conducted in the FTOC system, as this system more closely resembles the in vivo system. In control groups in which cultures of fetal thymic organs from normal C57BL/6 mice were treated with control Fc-containing proteins (i.e., normal human IgG1or human CD4-Fc fusion protein), thymic cellularity was not affected (Figures 3A and 3B) . However, treatment with the D4-Fc dimer in the parallel cultures increased the numbers of thymocytes in a dose-dependent manner (Figures 3A and 3B) , suggesting that the D4-Fc dimer might prolong the survival of developing thymocytes by neutralizing endogenous PILR on thymic stromal cells.
During thymic education, several mechanisms are involved in thymocyte apoptosis, one of which is negative selection. Thus, we investigated whether the increased cellularity of CD4 + CD8 + thymocytes might be caused by rescue from impaired negative selection, using two model systems of negative selection of thymocytes: one mediated by an endogenous superantigen and the other by an exogenously administered superantigen in BALB/c mice. In BALB/c FTOC, the population of TCRVβ3 + cells are reduced because of negative selection by the Mtv-6-encoded endogenous superantigen in compared to the C57BL/6 FTOC (Frankel et al., 1991) . Based on this, when BALB/c FTOC was treated with D4-Fc, the percentage of the TCRVβ3 + population was not increased, demonstrating that blocking the interaction between D4 and PILR by D4-Fc treatment did not affect the negative selection of the Mtv-6-reactive TCRVβ3 + DP cells ( Figure 3C ). This was also the case when exogenous superantigen was used. The addition of staphylococcal enterotoxin B (SEB) to BALB/c FTOC's deleted most of the developing TCRVβ8 + thymocytes, but not the TCRVβ6 + thymocytes ( Figure 3D ) (Jenkinson et al., 1990) . D4-Fc-treated thymic lobes remained susceptible to the deletion of TCRVβ8 + thymocytes by SEB ( Figure 3D ), which demonstrates that the blocking of D4 signaling by D4-Fc did not affect SEB-induced cortical negative selection.
In TCRα -/-mice, DP thymocytes cannot undergo positive selection because of the absence of mature TCR, and thus have an increased risk of apoptosis via death by neglect (Matsuki et al., 2002) . To address whether the molecular interaction between D4 and PILR could affect this process, we performed FTOC with D4-Fc-treated TCRα -/-thymic lobes and found an about twofold increase in total and DP cell numbers in the thymi cultured in the presence of D4-Fc as compared to those treated with the isotype control (human IgG1; Figures 3E and 3F ). Therefore, it seems that blocking the interaction between D4 and PILR could rescue the thymocytes that fail to receive survival signal via positive selection.
Engagement of D4 induces caspase activation
DNA fragmentation and the ordered disintegration of cellular organelles are established hallmarks of cells that are undergoing apoptosis, particularly in Figure 4 . PILR-Ig-mediated apoptosis requires caspases. (A) Thymocytes were pretreated for 1 h with pan-caspase inhibitor, Z-VAD and then treated with either PILR-Ig or its isotype control in the presence of secondary antibody for 6 h. Apoptosis was evaluated by annexin V and PI staining and one representative flow cytometry is shown. Data are pooled from three independent experiments and the normalized value for apoptosis referred to as the killing index (see Methods) is summarized in bar graph as the mean ± SEM of triplicate samples. (B-D) Thymocytes were cultured with PILR-Ig or its isotype control, followed by treatment with secondary antibody for 6 h and lysis in digitonin lysis buffer. Cell lysates were separated by SDS-PAGE and immunoblotted with anti-caspase-3 antibody (B), anti-caspase-7 antibody (C), and anti-caspase-8 antibody (D). Thymocytes cultured for 6 h following γ irradiation of 5 Gy or in the presence of 1 μM dexamethasone (DEX) were used as positive controls for each caspase antibody. (E) Thymocytes were stimulated with PILR-Ig or control-Ig for 6 h in the absence or presence of IETD and immunoblotted with anti-caspase-7 Ab. Data were representative of two or three similar experiments.
the case of apoptosis associated with the recruitment of caspase-8 to death receptors (e.g., Fasand TNFR-mediated apoptosis) (Ashkenazi and Dixit, 1998; Rathmell and Thompson, 1999; Wallach et al., 1999) . Furthermore, thymocytes that lack a productively rearranged TCR and are thus unable to recognize MHC/peptide complexes are deleted from the T-cell repertoire by apoptosis. Several reports have suggested that this type of death is induced by glucocorticoid receptor-mediated and caspase-dependent signal transduction (Marchetti et al., 2003; Minter and Osborne, 2003) .
After confirming that signaling through D4 induces apoptosis in developing thymocytes, we further dissected D4-mediated caspase activation in immature thymocytes. There are two caspase activation pathways: (1) a mitochondrion-independent pathway in which the activation of caspase-8 followed by caspase-3 or caspase-7 predominates; and (2) a mitochondrion-dependent pathway that involves the sequential activation of caspase-9 and caspase-3 Luo et al., 1998; Krammer, 2000) . To elucidate the caspases responsible for D4-mediated apoptosis, the rate of apoptosis was determined with annexin V and propidium iodide (PI) staining of the thymocytes that were pretreated with pan-caspase inhibitor, Z-VAD and further incubated with PILR-Ig. As shown in Figure  4A , Z-VAD treatment significantly suppressed the apoptosis of thymocytes that were incubated with PILR-Ig, indicating that apoptosis through D4 ligation were dependent on caspase activity.
Next, to investigate the roles of caspase-3, caspase-7, and caspase-8 in D4-induced apoptosis, the activation of each caspase was tested by immunoblotting of the protein extract from PILR-Ig treated thymocytes with the anti-caspase-3, anti-caspase-7, and anti-caspase-8 antibodies, respectively. The activated enzymes consisted of large and small subunits. Procaspase-7 and Figure 5 . Apoptosis via D4 cross-linking is not mediated by mitochondrial events, known death receptors, or members of the Bcl-2 family. (A) Thymocytes treated with PILR-Ig or its isotype control, followed by treatment with secondary Ab, were stained with DiOC6, which reveals Δψm. One representative flow cytometry result of two independent experiments is shown. (B) After treatment with PILR-Ig or the isotype control and secondary Ab, thymocytes were assessed for the presence of cytoplasmic cytochrome C, as described in Methods. Membranes were sequentially reprobed for prohibitin (mitochondrial protein). Data are representative of two similar experiments. (C) Thymocytes were isolated from wild-type B6, lpr/lpr (Fas-deficient), TNFR (p75)-deficient and Bcl-2-transgenic mice and cultured in the presence of PILR-Ig or isotype control, followed by treatment with secondary antibody for 6 h, and the incidence of apoptosis was examined. To compare thymocyte apoptosis in different mouse strains with different internal controls, we normalized the individual responses to their respective controls. The normalized value is referred to as the killing index (see Methods). Data are expressed as the mean ± SEM of triplicate samples pooled from three experiments. n.s. not significant, and **P ＜ 0.01 comparing control B6 group versus the other groups.
procaspase-8 were cleaved to the active forms in the presence of D4 engagement, whereas procaspase-3 processing was not observed ( Figures  4B-4D ). However, caspase-7 was not activated when caspase-8 activity was blocked by IETD (caspase-8 inhibitor) ( Figure 4E ), which suggests that D4 ligation via PILR might lead to the sequential activation of caspase-8 and caspase-7.
D4 cross-linking is not associated with mitochondrial membrane potential and is independent of Fas, TNFR, and Bcl-2
The death signal is propagated by a caspase cascade that is initiated by the activation of large amounts of caspase-8, followed by the rapid cleavage of caspase-3 and -7, which in turn cleave vital substrates in the cells. In other cases, the caspase cascade cannot be propagated directly, but has to be amplified via the activation of mitochondria by caspase-8 Luo et al., 1998; Scaffidi et al., 1998) . Therefore, we evaluated whether thymocyte apoptosis through D4 engagement is regulated by a mitochondrion-mediated signaling pathway via caspase-8 activation. Changes in the mitochondrial membrane potential (Δψm) were measured by staining with DiOC6 (Zamzami et al., 1995a; Zamzami et al., 1995b) . Unlike the dexamethasone-treated cells, which use the mitochondrion-dependent pathway, PILR-Ig-treated thymocytes exhibited no reduction in Δψm ( Figure 5A ). To further confirm the relationship between D4 engagement and mitochondrial events, we tested whether D4 cross-linking resulted in the release of cytochrome C, which is a key event in mitochondrial activation (Kroemer et al., 1995; Cai et al., 1998; Kuwana et al., 1998; Li et al., 1998; Luo et al., 1998) . No cytosolic cytochrome C was detected in the PILR-Ig-treated thymocytes ( Figure 5B ), whereas the addition of dexamethasone triggered the release of cytochrome C into the cytosol (Marchetti et al., 2003) . To rule out that the possibility that the appearance of cytochrome C in the cytosol was caused by leakage from fragmented or solubilized mitochondria, the intracellular localization of a mitochondrial protein, prohibitin, was examined and it was not in the supernatant fraction ( Figure  5B ). These data suggest that D4-induced apoptosis is entirely mitochondrion independent.
The ability of Fas and TNFR to mediate the apoptosis of DP thymocytes raised the possibility that TCR-independent, D4-induced apoptosis occurs through the engagement of Fas or TNFR (Punt et al., 1997) . To address this possibility, we compared the abilities of engaged D4 to kill the thymocytes from wild B6, Fas-deficient lpr, or TNFR p75 knockout mice. There was no substantial rescue in Fas or TNFR-deficient thymocytes from PILR-mediated apoptosis, which indicated that the Fas and TNFR pathways are not essential for D4-PILR-mediated cell death ( Figure 5C ).
Bcl-2 family members play critical roles in many aspects of cell death. The overexpression of either Bcl-2 or Bcl-X L has been reported to protect DP thymocytes from apoptosis and lead to increased thymic cellularity (Bouillet et al., 1999) . This report raised a possibility that the down-regulation of Bcl-2 might be a candidate mechanism through which D4-induced apoptosis of DP thymocytes can be achieved. However, D4 engagement induced apoptosis in the thymocytes of mice that constitutively overexpress the anti-apoptotic Bcl-2 protein in a degree comparable to that of the wild B6 control ( Figure 5C ). This strongly suggests that the apoptotic signals generated by D4 engagement do not implicate Bcl-2-dependent cell death.
Discussion
Recently, murine D4 has been cloned and identified as the ligand of PILR, although the role of D4 in developing T cells remains unknown (Shiratori et al., 2004) . Regulated D4 expression in thymocytes and the predominant expression of PILR on thymic stromal cells as the ligand of D4 strongly suggest a specific role for D4 in thymocyte development. In support of this hypothesis, we demonstrated that the cross-linking of D4 with PILR-Ig induces the apoptosis of thymocytes in the absence of TCR signals. Under these conditions, thymocytes undergo the characteristic sequential apoptotic process: (1) phosphatidylserine exposure (annexin V + ); (2) activation of caspases (caspase-8 and caspase-7); and (3) internucleosomal DNA fragmentation. DP thymocytes were more sensitive to D4-induced apoptotic pathway than were DN and SP thymocytes. Given that the selection of thymocytes occurs mainly at the DP stage, it was worth observing the dominant effects of D4 ligation in this particular cell subset.
It has been reported that a number of cell surface molecules, including CD5, CD28, CD38, and CD43, can cooperate with TCR to kill thymocytes (Lesage et al., 1997; Jung et al., 2004) . However, a few molecules such as CD8, CD24, and CD45 on the surfaces of thymocytes induce the apoptosis of thymocytes in the absence of TCR ligation (Lesage et al., 1997; Grebe et al., 2004; Jung et al., 2004) , raising the possibility that the death of thymocytes including death by neglect could be induced by interactions between membrane proteins in the absence of MHC-TCR interaction. DP thymocytes underwent cell death after CD24 or CD45 cross-linking by specific antibodies. Ligation of CD8 on DP thymocytes, either with antibodies to CD8 or with MHC class I-coated microspheres, led to rapid apoptosis (Grebe et al., 2004) . Above all, the induction of the apoptosis of thymocytes via CD8 ligation, independently of TCR, with a physiological ligand (MHC I-coated microspheres), rather than an antibody, deserves close attention. However, this previous study could not overcome the limitation that the experiments were conducted in a single-cell suspension, rather than in an anatomically intact organ system. Furthermore, there is no overt accumulation of thymocytes in β2m -/-, CD8 -/-, or MHC -/-mice, suggesting that CD8-mediated apoptosis is neither the normal physiological mechanism nor an explanation for thymocyte apoptosis, especially death by neglect.
We showed that D4 is a strong candidate molecule for the induction of thymocyte apoptosis in a TCR-independent manner. High sensitivity of DP thymocytes to PILR-induced apoptosis and increased cellularity from TCRα -/-FTOC with D4-Fc treatment were clearly observed. This raised the possibility that D4 signals may play some role in the induction of thymocytes apoptosis including death by neglect. Many reports have suggested that thymic corticosteroids play a specific role in this kind of elimination. Adrenalectomized mice displayed increased thymic cellularity and DP cells exhibited sensitivity to corticosteroids in the absence of TCR stimulation (Vacchio et al., 1999) . Signals from the TCR could antagonize the apoptotic effect of glucocorticoids, leading to the hypothesis that the combined signals from steroid hormones and TCR might determine the fate of individual thymocytes (Ashwell et al., 2000) . However, a contradictory opinion came from the results of an experiment showing that mice reconstituted with glucocorticoid receptor-negative fetal liver cells displayed normal thymic composition and cellularity, which indicated normal levels of death by neglect in the system (Brewer et al., 2002) . The results implied that glucocorticoids would not play a role in this process or that alternative corticosteroid receptors exist to mediate thymocyte cell death. Considering the controversy over the role of corticosteroids in thymic apoptosis, it is likely that corticosteroids are not the only molecules leading to the death by neglect of DP thymocytes. Cytokine withdrawal has also been considered as a mechanism for death of thymocytes in early developmental stage. The cytokine IL-7 has been reported to up-regulate anti-apoptotic proteins and enhance the survival of thymocytes . IL-7Rα-deficient mice have a 20-fold decrease in thymic size and a vastly constricted peripheral T-cell pool (von Freeden-Jeffry et al., 1995) . In IL-7Rα-deficient mice, Bcl-2 overexpre-ssion restores the normal production and function of T cells (Akashi et al., 1997) . Bcl-2 overexpression was observed to prevent the death of thymocytes bearing TCR that could not bind to MHC molecules in their environment (Linette et al., 1994; Strasser et al., 1994) . Additionally, the proapoptotic Bcl-2 family proteins Bax and Bak double-deficient DP thymocytes were resistant to cytokine withdrawal and glucocorticoid-induced apoptosis. These data suggest that the predominant role of IL-7R signaling is to block the bcl-2-regulated apoptosis pathway and that the Bcl-2 family members play a critical role in the apoptosis of thymocytes induced by cytokine withdrawal or glucocorticoid treatment (Rathmell et al., 2002) . However, this did not seem to be the case in D4-induced apoptosis, in that cellular apoptosis still occurred in bcl-2-overexpressing thymocytes. Therefore, we suggest that the signaling through D4 via cross-linking with PILR-Ig is a novel and as yet unidentified pathway related to thymic apoptosis, distinct from IL-7R and corticosteroid pathways, which are tightly linked to Bcl-2.
The thymocytes from mice deficient in Fas or TNFRp75, which are known death receptors for DP thymocytes apoptosis, had the same characteristic death response to PILR-Ig treatment. Based on these results, we concluded that D4 signaling would be different from signals amplified by death receptors, which is consistent with the previous report that death receptors most likely play a minor role in T cell selection (Newton et al., 1998) .
Regarding that thymocytes were induced to TCR-independent apoptosis both by D4 and human CD99 molecule, the function of D4 is likely to be very similar to that of human CD99. However, there are a few different aspects between apoptosis that were induced by D4 or human CD99 despite we still do not know what caused these differences. Unlike the D4-induced apoptosis, the apoptosis by human CD99 displayed early mitochondrial alteration but it did not involve detectable DNA fragmentation (Bernard et al., 1997) . Moreover, the apoptosis by human CD99 proceeded more slowly; it took 18 h for completion (Bernard et al., 1997) , while the induction of thymocyte death required only 6 hours for D4. These functional distinctions in inducing apoptosis might be resulted by differences between species of these molecules, but in fact, the experimental condition of inducing apoptosis was not exactly identical; PILR, a natural ligand of D4 was used for the stimulation of D4, but human CD99 was engaged by its monoclonal antibody.
Here, we provide several lines of evidence to support the notion that signaling mediated by the interaction between the membrane proteins D4 and PILR constitutes an active death signal, which removes thymocytes, predominantly at double positive stage. Most notably, blocking the D4-PILR interaction repeatedly increased thymic cellularity in FTOC using TCRα -/-mice as well as wild type mice. Therefore, it is possible that apoptotic signals through interaction between D4 and PILR may take some part in death by neglect by providing non-selectable thymocytes with persistent and ubiquitous apoptotic signals. However, some findings are against to this hypothesis. First, the death caused by D4 ligation was already evident by 6 h. The lifespan of DP thymocytes, however, that ultimately undergoes death by neglect is thought to be approximately 3.5 days (Huesmann et al., 1991) . Second, caspase-8 was the initiating caspase for D4-induced apoptosis. However, it had been reported that thymocytes undergo normal development in the caspase-8 knock-out mice (Salmena et al., 2003) . Finally, the interaction of D4 and PILR also induced the death of DN and SP thymocytes, although the death rate at these stages was much lesser compared with that of DP thymocytes. Therefore, to clarify the physiological function of D4 during thymocyte development, sophisticated analysis would be required using D4 deficient mice.
Methods
Mice
C57BL/6 and BALB/c mice were purchased from Daehan Biolink (Chungbuk, Korea). Fas-defective lpr mice, TNFR p75 knockout mice, and TCRα-chain-deficient mice in the C57BL/6 background were purchased from the Jackson Laboratory (Bar Harbor, ME). Bcl-2-transgenic mice were a gift from Dr. H.W. Lee (Yonsei University College of Medicine, Korea) (Jung et al., 2004) . All mice were maintained under specific pathogen-free conditions at the animal facility of the Center for Animal Resource Development, Seoul National University College of Medicine, and were between 4 and 10 weeks of age when analyzed.
Antibodies and reagents
The cDNA fragments that correspond to the leader gene segments and the extracellular domains of PILR were amplified by PCR. The cDNA was inserted into the plasmid to generate a dodecameric Ig fusion protein (Arthos et al., 2002) . The 293 cells were transiently transfected with the plasmids, and culture supernatants were collected using standard methods. These fusion proteins were designated PILR-Ig. For the production of soluble D4-Fc or CD86-Fc fusion protein, the extracellular domain of D4 or CD86 was fused to the Fc region of human IgG1 via integration into the pSecTag vector (Invitrogen, Carlsbad, CA). A hybri-doma cell line was generated by the fusion of splenocytes from Sprague-Dawley rats immunized with mouse D4 proteins and SP2/0-Ag14 myeloma cells (designated D4). Rabbit anti-caspase-3 and anti-caspase-8 antibodies were purchased from Santa Cruz Biotechnology (Santa Cruz, CA), and rabbit anti-prohibitin antibody was purchased from Lab Vision (Westinghouse, CA). All other Abs and FITC-labeled annexin V were purchased from DiNonA (Seoul, Korea) or BD PharMingen (San Jose, CA). We purchased 3,3'-dihexyloxacarbocyanine iodide (DiOC6), etoposide, dexamethasone, and SEB from Sigma-Aldrich (St. Louis, MO). Caspase inhibitors such as z-VAD-fmk and z-IETD-fmk were obtained from Calbiochem (San Diego, CA).
Cell preparation and culture
Cell suspensions of thymocytes from 4-to 10-wk-old mice were prepared by mincing thymic tissues through a fine mesh screen. Each thymocyte subset was prepared by magnetic cell sorting using MACS microbeads (Miltenyi Biotec, Bergisch Gladbach, Germany), as recommended by the manufacturer. Briefly, the CD4 + CD8
+ DP subset was prepared by positive selection using anti-CD8 microbeads, and anti-CD4 microbeads were used to collect CD4 + SP thymocytes. The CD4 -
CD8
-DN thymocytes were isolated by the elimination of CD4 + or CD8 + thymocytes using MACS. The purity of the collected subsets, as determined by flow cytometry using anti-CD4 and anti-CD8 Abs, ranged from 90% to 98%. The purified thymocytes were cultured in DMEM (Life Technologies, Rockville, MD) that was supplemented with 10% fetal bovine serum and 0.05 mM β-mercaptoethanol.
Flow cytometry
Fresh cell suspensions of thymocytes were resuspended in FACS buffer (1 × PBS, 0.1% bovine serum albumin, 0.1% sodium azide). After staining with fluorescence-conjugated antibodies for 30 min at 4 o C, the live cells, gated as the propidium iodide (PI; Sigma, St. Louis, MO)-negative population, were analyzed using FACSCalibur (BD Biosciences, San Jose, CA) equipped with the CellQuest Pro software (BD Biosciences, San Jose, CA).
Detection of apoptosis
Apoptosis was determined by DNA fragmentation assay and flow cytometry. DNA for fragmentation assay were prepared and fractionated by electrophoresis on 3% agarose by a modification of the method of Kim et al. (Kim et al., 2009) The mitochondrial membrane potential Δψm is created by the asymmetric distribution of protons across the inner mitochondrial membrane, giving rise to a chemical (pH) and electrical gradient (Green and Reed, 1998) . To evaluate Δψm by flow cytometry, the cationic lipophilic fluorochrome DiOC6 (1) was used. A total of 1 × 10 5 thymocytes was incubated with 5 nM DiOC6 for 15 min at 37 o C and analyzed immediately using FACSCalibur.
RT-PCR
Thymic stromal cells were prepared as described previously (Jenkinson et al., 1982) . In brief, isolated thymic rudiments were cultured for 5 days in medium with 1.35 mM dGuo, causing the selective depletion of hematopoietic cells while allowing the survival of stromal elements. Purified cell populations and a plasmid that encodes the PILR gene were used as the template. RNA was extracted from the cells using Triazole (Invitrogen, Paisley, UK), and RT-PCR was performed using reverse transcriptase (Koschem). The following primer pairs were used for amplification: for PILR, sense primer 5'-GAATTCAT-GGCTTTGTTGATCTCGCTTCCTGGAG-3' and antisense primer 5'-CGGCCGACAACCCAACTGTGGTTTGCAGAT-CCAG-3'; for Lck, sense primer 5'-CCAGTCAGGAGC-TTGAATCC-3' and antisense primer 5'-GGATGCTGGT-GGGAGAGA-3'; and for β-actin, sense primer 5'-GCT-CCGGCATGTGCAA-3' and antisense primer 5'-AGGATC-TTCATGAGGTAGT-3'.
Western blotting
To evaluate caspase activation, cell lysates were prepared by dissolving the cells in lysis buffer that contained 1% Triton X-100, 10 mM Tris-Cl (pH 7.5), 150 mM NaCl, 2 mM EGTA, 50 mM β-glycerophosphate, 10 mM NaF, and 1 mM PMSF. A 100-μg aliquot of each lysate was loaded onto SDS-PAGE gel, separated by electrophoresis, and transferred onto a nitrocellulose transfer membrane (Schleicher & Schuell, Keene, NH). The blotted membranes were incubated with primary Ab, followed by peroxidase-conjugated secondary Ab. The specific bands were visualized using the ECL kit (Amersham Pharmacia Biotech, Buckinghamshire, UK).
Immuoprecipitation
Thymocytes and 293 cells transfected with D4 were washed in PBS and lysed in ice-cold lysis buffer that contained 1% digitonin, 12.5 mM HEPES, 50 mM NaCl, 5 mM MgCl2, and 1 mM PMSF. Cell lysates were immunoprecipitated with protein G that was pre-incubated with PILR-Ig and the control Ig-fusion protein, separated on SDS-PAGE gels, and detected using the anti-D4 Ab.
Cell fractionation
Cells were washed in PBS and resuspended in hypo-osmolar lysis buffer that contained 10 mM HEPES (pH 7.5), 10 mM MgCl2, 42 mM KCl, and 1 mM PMSF. Cells were subjected to three cycles of freezing in liquid nitrogen and thawing at 37 o C. After centrifugation for 10 min at 10,000 g, supernatants (cytosolic fraction) were collected and placed on ice. The pellet (mitochondrial fraction) was resuspended in hypo-osmolar lysis buffer that contained 0.1% NP-40.
Fetal thymic organ culture
The fetal thymi from C57BL/6, BALB/c, and TCRα -/-mice were removed and cultured on GD15.5 with various dosages of D4-Fc or control-Fc protein (100 μg/ml or 200 μg/ml) for 5 days. Briefly, each fetal thymic lobe was cultured on a polycarbonate filter (pore size 0.8 μm; Millipore, Medford, MA) in RPMI 1640 medium that was supplemented with 10% fetal bovine serum. After 5 days of culture, the lobes were harvested and single-cell suspensions were prepared for counting and analyzed for the expression of CD3, CD4, CD8, HSA, TCRγδ, and TCRVβ3/8 by flow cytometry using FACSCalibur.
Thymic lobes from BALB/c mice were cultured in the presence of D4-Fc or control-Fc for 7 days, and SEB (50 μg/ml) or PBS was added for the final 40 h of the culture period. As described above, thymocytes were collected, counted and analyzed for the expression of CD3, CD4, CD8, and TCRVβ3/8 by flow cytometry.
Statistics
Statistical significance was analyzed using the program Prism 4.0. Student's t-tests were used to determine the P-value when comparing two groups. P-values ＜0.05 were considered significant.
